Aim To better understand patterns of community invasibility, we examined exotic plant invasions along an environmental gradient found in vernal pools in the Central Valley of California. Specifically, we analysed the distribution and abundance of exotic plants in relation to pool size, seasonal inundation, soil and nutrient properties, the native plant community, and disturbance history.
INT RODUCTION
Natural communities differ in their vulnerability to exotic species invasions and occur along a continuum from barely invaded to highly invaded. Numerous studies have examined these differences in invasibility in relation to resource availability, productivity, species diversity, and natural and human disturbances (see recent reviews in Ewel et al., 1999; Levine & D'Antonio, 1999; Mack et al., 2000) . However, few studies have examined the relationship between environmental gradients and patterns of invasibility. Environmental gradients provide a unique opportunity to study invasibility for several reasons. First, environmental gradients allow us to evaluate the relative importance of the abiotic and biotic factors determining invasibility in a single community. Second, because the contrasting abiotic and biotic conditions occur in close proximity, there are unlikely to be enormous differences in propagule pressure, which commonly occur among sites separated by greater distances (Crawley et al., 1996; Mack et al., 2000) . Finally, many natural and human disturbances occur uniformly across environmental gradients, so that the intensity and frequency of disturbances do not differ among sites along these gradients. In this study, we examined the patterns of exotic plant invasions along the environmental gradient found in vernal pools in the Central Valley of California.
Vernal pools are seasonal wetlands occurring in shallow depressions on impermeable substrates (Thorne, 1984; Holland & Jain, 1988; Keeley & Zedler, 1998) . In the Central Valley of California, vernal pools typically flood during the winter (approximately December-March) and are dry during the summer and fall (April-November). The vegetation in the pools is generally dominated by annual grasses and forbs, and the vegetation in the surrounding grasslands is dominated by annual and perennial grasses and forbs (Holland & Jain, 1988; Bauder, 2000) . However, species richness and composition show considerable annual variation depending on the timing and amount of rainfall (Holland & Jain, 1984; Zedler, 1987; Bliss & Zedler, 1998; Bauder, 2000) . The vernal pools in California support a unique and highly endemic flora and fauna, including greater than seventy endemic species of plants and invertebrates (Stone, 1990; Baskin, 1994) . Vernal pools were once widespread along the Pacific coast and throughout the Central Valley, but only 3-10% of the vernal pools remain because of habitat loss and alteration caused by agriculture and urbanization (Holland & Jain, 1988; Holland, 1998) .
Like many environmental gradients, vernal pools are characterized by strong gradients in both abiotic and biotic conditions. Physical and chemical characteristics that differ between the centres and the edges of the pools include the depth, duration, timing, and predictability of flooding; soil temperatures in winter; soil and water pH and salinity; and nutrient availability (Linhart, 1976; Holland & Jain, 1988; Holland & Dains, 1990; Bliss & Zedler, 1998) . Vernal pools also exhibit a continuum from barely-invaded sites in the centres of the pools to highly-invaded sites at the edges of the pools and in the surrounding grasslands (Holland & Jain, 1981 , 1988 Ferren et al., 1998; Pollak & Kan, 1998; Bauder, 2000) . Natural disturbances, such as wildfire, were probably not historically important in vernal pools in the Central Valley (Keeley, 2002) , and anthropogenic disturbances, such as discing and mowing, generally occurred uniformly across vernal pools and the surrounding grasslands (Biosystems Analysis, 1994) . Thus, vernal pools provide a unique opportunity to study the abiotic and biotic factors associated with exotic plant invasions without the confounding effects of differences in propagule pressure and disturbance history.
To better understand the patterns of exotic plant invasions in vernal pools, we conducted field surveys to identify the abiotic and biotic factors associated with plant invasions along the environmental gradient in the vernal pools at Travis Air Force Base (Travis AFB) near Fairfield, California. Specifically, we analysed the distribution and abundance of exotic plants in relation to five sets of factors describing the abiotic and biotic environments: (1) pool size, (2) seasonal inundation, (3) soil and nutrient properties, (4) native plant cover, and (5) disturbance history, which may affect both the abiotic and biotic environments.
STUDY SITE
This research focused on the vascular plant community in the vernal pools at Travis AFB. The 15-ha study site (38°15¢ N, 122°00¢ W) includes eighty-two natural and 256 restored vernal pools. This site historically supported a more extensive complex of vernal pools, which were altered or destroyed by agriculture and the construction of a small airstrip in 1952 (Biosystems Analysis, 1994) . The eighty-two natural pools range in size from 15-2559 m 2 and 5-30 cm in depth. The restored pools used in this study were not seeded and were constructed in December 1999 in three sizes: small (5 · 5 m, 10 cm deep), medium (5 · 10 m, 15 cm deep), and large (5 · 20 m, 20 cm deep). The study site is located c. 16 m above sea level and slopes gently to the southwest. The well-developed soils, which overlay late-Pleistocene alluvium, are a complex of Antioch loam and San Ysidro sandy loam underlain by a dense, very slowly permeable argillic hardpan (Bates, 1977) . Mean January and July temperatures are 7.9 and 22.4°C, respectively (http://www.wrcc.dri.edu). The study area receives c. 580 mm of precipitation annually; however, >90% of this precipitation falls during the winter (November-April). Both the natural and restored pools are generally flooded from December or January until late-March or early-April each year. This site is managed as an environmentally sensitive area and is not currently grazed. However, both the natural and restored vernal pools are mown annually, and most of the pools were burned by a wildfire on 16 June 2000. The vegetation in the vernal pools is dominated by native annual grasses and forbs and includes several rare, endemic plants (Biosystems Analysis, 1994) . These plants include the federally-listed endangered species Lasthenia conjugens and several species of special concern, including Psilocarphus tenellus var. globiferus, Atriplex joaquiniana, and Astragalus tener var. tener [nomenclature follows Hickman (1993) throughout]. The vegetation in the surrounding grasslands is dominated by exotic grasses and forbs.
METH ODS
We measured the distribution and abundance of exotic and native plants and several descriptors of the abiotic environment in sixty randomly-selected vernal pools. The thirty natural pools ranged in size from 15-1586 m 2 ; and the thirty restored pools included eleven small pools (25 m 2 ), ten medium pools (50 m squares), and nine large pools (100 m 2 ). We located five, 50 · 50 cm quadrats at 1-m intervals along transects extending from the centre to the edge of each pool. The transects were established at the beginning of the period of maximum flooding (14-17 February 2001) . During peak flowering season (26 April-7 May 2001), we sampled the vegetation by placing a 50 · 50 cm wooden frame divided into 100, 5 · 5 cm squares over each quadrat and counting the number of cells in which each species occurred. Thus, the abundance of each species was the number of cells (of 100) in which it occurred. We used these data to calculate exotic and native species richness and cover, which was the sum of the abundances of all species in each quadrat. Species were classified as exotics or natives based on Hickman (1993) .
For each quadrat, we also described pool size, seasonal inundation, soil and nutrient properties, and disturbance history. We measured pool size by mapping the boundaries of all pools with a global positioning system and calculating the area of each pool. We measured water depth at each quadrat on several occasions during the winter (12 January, 15-21 February, and 25 March 2001). These measurements provided relative measures of water depth among the different quadrats. In a randomly-selected subset of seven natural and seven restored pools, we collected one soil sample (2.5 cm diameter, 10 cm deep) 10-15 cm outside each quadrat during peak flowering season (2-3 May 2001). These samples were analysed for organic matter, inorganic nitrogen, plant-available phosphorus, pH, cation exchange capacity, and soluble salts at A & L Laboratories (Modesto, CA, USA). To describe recent disturbance history, we recorded pool type (natural vs. restored) and whether or not the pool burned during the wildfire on 16 June 2000.
To quantify the patterns of invasions in the vernal pools, we analysed the distribution and abundance of exotic plants in relation to the abiotic and biotic environments. We used multiple linear regression to analyse exotic species richness and cover and the abundances of individual species as a function of pool type, fire history, pool size, water depth, and native plant cover. In these analyses, the levels of pool type and fire history were coded as þ1 and )1, and all variables were standardized. These analyses included all 300 quadrats in the sixty pools, and we only analysed nineteen species occurring in twenty or more quadrats. For the fourteen pools in which we sampled soils, we used multiple linear regression to analyse exotic species richness and cover and the abundances of individual species as a function of the six soil and nutrient properties. These analyses included all seventy quadrats in the fourteen pools, and we only analysed the five species occurring in twenty or more quadrats. We tested relationships among the independent variables with Pearson correlation coefficients (continuous variables), likelihood ratio v 2 tests (nominal variables), or fixed-effects analysis of variance (mixed continuous and nominal variables). Finally, we used multiple linear regression to analyse the six soil and nutrient properties as a function of pool type, fire history, pool size, and water depth. All analyses were conducted in SYSTAT 6.01 (SYSTAT Inc., Evanston, IL, USA), and analyses in which P < 0.05 were considered significant. Values presented in the text are means AE 1 SE.
RESULTS
Several abiotic and disturbance variables were related. Because of the path of the wildfire, more restored pools and fewer natural pools burned (v 2 ¼ 36.897, d.f. ¼ 1, P < 0.001). Natural pools were larger than restored pools (natural pools ¼ 220 AE 27 m 2 , restored pools ¼ 56 AE 3 m 2 ; t ¼ 6.202, d.f. ¼ 293, P < 0.001), but pool size was not related to fire history (t ¼ )0.678, d.f. ¼ 293, P ¼ 0.498). Water depth was not related to either pool type
Pool size and water depth were not correlated (r ¼ 0.116, P ¼ 0.052). Several soil variables were also correlated (Table 1) . Organic matter was positively correlated with inorganic nitrogen and cation exchange capacity and negatively correlated with pH. Inorganic nitrogen was negatively correlated with phosphorus, and soluble salts were positively correlated with phosphorus and negatively correlated with pH. All soil variables were Values are Pearson correlation coefficients, and significance levels are *P < 0.05 and **P < 0.01. related to pool type, fire history, pool size, and/or water depth (Table 2) . Natural pools were characterized by higher organic matter, phosphorus, and soluble salts and lower pH than restored pools. Burned pools were characterized by higher soluble salts and lower phosphorus, pH, and cation exchange capacity than unburned pools. Soil pH increased but phosphorus and soluble salts decreased with increasing pool size. Finally, pH and cation exchange capacity increased but organic matter decreased with increasing water depth. Both exotic species richness and cover were related to pool type, fire history, water depth, and/or native plant cover (Table 3) . These variables explained 19.9% of the variation in exotic species richness and 32.8% of the variation in exotic plant cover. Mean exotic species richness was 4.5 AE 0.1 species (range ¼ 1-12) per 0.25-m 2 quadrat. Exotic species richness was related to fire history and water depth but not pool type, pool size, or native plant cover (Table 3) . Exotic species richness was greater in burned than unburned pools and increased with decreasing water depth (Fig. 1a,b) . Exotic species richness also increased with decreasing organic matter, pH, and cation exchange capacity (Table 4) . Mean exotic plant cover, which was the sum of the abundances of all exotic plants in each quadrat, was 141 AE 4 (range ¼ 7-330) per 0.25-m 2 quadrat. Exotic plant cover was related to pool type, water depth, and native plant cover but not fire history or pool size (Table 3) . Exotic plant cover was greater in natural than restored pools and increased with decreasing water depth and native plant cover (Fig. 1a-c) . Exotic plant cover also increased with increasing phosphorus but decreasing pH and cation exchange capacity (Table 4) .
We observed thirty-four exotic species in the 300 quadrats, but only nineteen species occurred in twenty or more quadrats. The abundances of eighteen of these nineteen species were related to pool type, fire history, pool size, water depth, and/or native plant cover (Table 3) . Eight species were more abundant in natural pools, but only four species were more abundant in restored pools. Six species were more abundant in burned pools, but only three species were more abundant in unburned pools. Three species decreased in abundance with increasing pool size, but two species increased in abundance with increasing pool size. Nine species decreased in abundance with increasing water depth, but two species increased in abundance with increasing water depth. Three of these nine species only occurred at depths <9 cm, and another five species only occurred at depths <12 cm. Four species decreased in abundance with increasing native plant cover, but only two species increased in abundance with increasing native plant cover. Finally, the abundances of three of the five species analysed in relation to the soil and nutrient properties showed significant but differing relationships with organic matter content, phosphorus, pH, and soluble salts, but not inorganic nitrogen or cation exchange capacity (Table 4) .
DI SCUSSION
These field surveys demonstrate that the invasibility of vernal pools was probably determined by a combination of abiotic and biotic factors, including seasonal inundation, soil and nutrient properties, the native plant community, and disturbance history. Exotic plants were generally more abundant in natural and burned pools and increased in abundance with decreasing water depth and decreasing cover of native plants. However, not all exotic species followed these general patterns, and some species, such as Hordeum marinum and Lythrum hyssopifolium, often exhibited the opposite patterns. Thus, we conclude that both abiotic and biotic factors play important roles in determining the invasibility of vernal pool plant communities. In the sections that follow, we discuss the roles of individual groups of abiotic and biotic factors in determining the patterns of plant invasions in vernal pools and the implications of these results for current theories on community invasibility.
Abiotic factors
Abiotic constraints on exotic plant invasions of vernal pools probably reflected a complex of covarying abiotic factors, including pool size, water depth, and soil and nutrient properties. Interestingly, pool size had few significant effects on plant invasions in vernal pools. Neither exotic species richness nor cover were related to pool size, and the five species associated with pool size were split between those that increased and those that decreased in abundance with increasing pool size (Table 3) . Pool size might affect invasibility for two reasons. First, small pools might have relatively greater proportions of shallow, edge habitat than large pools. Second, small pools have greater perimeter : area ratios, which might increase propagule pressure from the highly-invaded grasslands surrounding the pools. However, in this study, water depth was not correlated with pool size, and, based on the ubiquitous distribution of exotic plants across our study site, it seems unlikely that the spread of exotic species is limited by dispersal at this site. Thus, our results contrast with those of Harrison et al. (2001) , who found that small serpentine patches and the edges of large serpentine patches were more invaded than the interiors of large patches. Although small pools were not more invaded than large pools, the edges of both small and large pools were more invaded, at least in part because they were generally more shallow than the centres of the pools. Seasonal inundation probably had direct effects on plant invasions in the vernal pools. Exotic species richness and cover and the abundances of nine species were negatively affected by increasing inundation (Fig. 1b, Table 3 ). Water depth and duration of inundation are known to be among the most important factors controlling the structure and composition of wetland plant communities in general (Weihar & Keddy, 1995) and vernal pools in particular (Holland & Jain, 1988; Bauder, 1989; Black & Zedler, 1998; Zedler, 2000) . Inundation reduces oxygen and nutrient availability and the amount of light and CO 2 available for photosynthesis, adversely affects plant metabolism, and disrupts root symbioses with nitrogen-fixing bacteria and mycorrhizae (Linhart & Baker, 1973; Keeley, 1990; Crawford, 1992) . Consequently, many native vernal pool plants have evolved physiological and morphological mechanisms to cope with inundation (Keeley, 1990) . However, none of the exotic species examined in this study, even the two species that were more abundant at greater water depths, are wetland specialists [although H. marinum does exhibit traits that enhance tolerance of flooding (McDonald et al., 2001) ]. In addition, the ability of inundation to exclude exotic plants from the vernal pools reflects the composition of the regional species pool, which probably includes few species that can tolerate both seasonal inundation and the drought conditions prevalent during the remainder of the year. Many exotic species (e.g. Bromus hordeaceus, Convolvulus arvensis and Cotula coronopifolia) were absent or occurred in low abundances at greater water depths but exhibited a wide range of abundances at shallow water depths. This pattern suggests that inundation excludes exotic plants at greater water depths, but other factors play more important roles in determining the abundances of exotic plants at shallow water depths. Soil and nutrient characteristics may also have affected the invasibility of vernal pools. Exotic species richness and cover and three of the five species were associated with soil and nutrient properties (Table 4) . However, the measured soil and nutrient variables generally suggested that vernal pool soils provide relatively benign environments without severe nutrient limitations. Although the vernal pools had relatively low levels of organic matter and soluble salts and a low cation exchange capacity, they were only moderately acidic and had high levels of inorganic nitrogen (Table 2) . Furthermore, the measured soil and nutrient properties did not vary greatly across the gradients in the vernal pools. Although not generally below levels considered limiting to plant growth, the soil nutrients may have been unavailable to plants, especially those not adapted to aquatic environments, because anaerobic conditions slowed decomposition rates and the abilities of plants to absorb and utilize these nutrients (Crawford, 1992) . Furthermore, inundation may have limited the abilities of the three legumes (Trifolium dubium, Vicia sativa and V. villosa), all of which decreased in abundance with increasing water depth, to form symbioses with nitrogen-fixing bacteria.
Biotic interactions
Biotic resistance to plant invasions of vernal pools was suggested by the negative relationships between exotic plant cover and the abundances of four exotic species and native plant cover (Fig. 1c, Table 3 ). These results suggest that competition from the native plant community may inhibit plant invasions of vernal pools. However, attributing these results solely to interactions with the native plant community is complicated by correlations between the abiotic environment and the structure and composition of the native plant community. For example, the native plant community differs markedly between the centres and the edges of the vernal pools (Holland & Jain, 1988; Bauder, 2000) , and differences in the intensities of intra-and inter-specific competition produce strong selection gradients that cause developmental and morphological differentiation in plants along this gradient (Linhart, 1988) . Other studies have shown that certain communities, especially those dominated by one or a few strongly-interacting species, often preclude invasions by other species (Robinson & Dickerson, 1984;  ¼ 6, 63) . Values in the first row for each species are the R 2 for the overall analysis and the standardized regression coefficients (AE 1 SE). Values in the second row are the t-statistics, and significance levels are *P < 0.05, **P < 0.01, and ***P < 0.001. Robinson & Edgemon, 1988; Robinson et al., 1995; McGrady-Steed et al., 1997) . Biotic interactions are also known to be important in determining the invasibility of other plant communities (D'Antonio, 1993; David, 1999; Greiner La Peyre et al., 2001) .
Disturbance history
Disturbances affect community invasibility by altering both resource availability and the biological community competing for those resources (Pickett & White, 1985; Hobbs & Huenneke, 1992; Davis et al., 2000) . The two disturbances examined in this study differed in their effects on both soil and nutrient characteristics and the native plant community, and each disturbance had distinct effects on the patterns of plant invasions in the vernal pools.
The restored pools represented a major soil disturbance. Construction of these pools, which required grading shallow depressions (10-20 cm deep) in the soil surface, removed the existing vegetation and reduced the soil seed bank and altered soil and nutrient properties. Exotic plant cover and the abundances of eight exotic species were lower in the restored pools (Fig. 1a, Table 3 ). The restored pools were characterized by lower cover of native plants (F. Gerhardt, unpublished data) and lower organic matter, phosphorus and soluble salts, and higher pH than the natural pools (Table 2) . Thus, the creation of the restored pools probably reduced both soil resources, as often happens following soil disturbances (Hobbs & Huenneke, 1992) , and the native plant community competing for those resources. In addition, exotic plants had to reinvade the restored pools following their construction. These surveys were conducted only 2 years after construction of the restored pools, and, as more time elapses, exotic species will probably increase in abundance. Other studies have shown that restored pools converge in structure and composition with natural pools 4-15 years after construction (Black & Zedler, 1998) . Thus, at this point in time, the natural pools may be more invaded simply because they have existed longer than the restored pools, rather than because they are more invasible per se.
The wildfire of June 2000 also affected exotic plant invasions in the vernal pools. Both exotic species richness and the abundances of six exotic species were greater in burned than unburned pools (Fig. 1a, Table 3 ). As exotic plant cover did not differ between burned and unburned pools, increases in exotic species richness must have been offset by decreases in the abundances of other dominant species (e.g. B. hordeaceus and H. marinum). Hobbs & Huenneke (1992) noted that fires can either increase or decrease the abundances of exotic species, although fires generally do increase resource levels. In this study, there was no obvious increase in resource levels in the burned pools, which were characterized by lower phosphorus, pH, and cation exchange capacity than unburned pools (Table 2) . However, the wildfire may have increased per capita resource availability, because fewer individuals remained after the fire to monopolize resources and to exclude exotic species from those resources (Wilson & Keddy, 1986 1 ).
Hypotheses on invasibility
This study provides important new insights on currentlyproposed hypotheses concerning the mechanisms underlying community invasibility. First, our results strongly support abiotic constraint hypotheses, which propose that abiotic conditions exclude exotic species from less-invaded communities (Fox & Fox, 1986; Rejmá nek, 1989) . The negative relationships between water depth and exotic species richness and cover and the abundances of nine exotic species (Fig. 1b, Table 3 ) show that the abiotic constraints imposed by seasonal inundation exclude nine exotic species from the vernal pools. Thus, our results indicate that abiotic constraints play a powerful role in determining the invasibility of at least some communities. Our results also provide some support for biotic resistance hypotheses, which propose that interactions with the native biota prevent exotic species from becoming established in less-invaded communities (Elton, 1958; Harper, 1977; Fox & Fox, 1986; Crawley, 1987; Rejmá nek, 1989; Ewel et al., 1999; Mack et al., 2000) . In particular, the greater abundances of six exotic species in the burned pools and the negative relationship between native and exotic plant cover (Fig. 1a ,c, Table 3 ) suggest that invasibility is greater in communities with fewer native plants, which may equate with the availability of more vacant niches (the vacant niche hypothesis). The exotic plants in the vernal pools were also affected by two disturbances; however, our results were not entirely consistent with the disturbance hypothesis, which proposes that disturbances increase invasibility (Hobbs & Huenneke, 1992) . The wildfire did increase exotic species richness and the abundances of six exotic species, but construction of the restored pools reduced exotic plant cover and the abundances of eight exotic species (Fig. 1a , Table 3 ). Such conflicting effects are consistent with other studies and confirm that disturbances often have unpredictable effects on community invasibility (see review in Hobbs & Huenneke, 1992) . Our results suggest two additional hypotheses about the abiotic and biotic mechanisms determining community invasibility. In the first hypothesis, the strength and direction of biotic interactions determining invasibility differ along gradients of abiotic stress. In vernal pools, competition with native plants may exclude exotic plants at greater water depths, but exotic plants may facilitate additional invasions at the edges of the pools (e.g. the 'invasional meltdown'; Simberloff & Von Holle, 1999) . In the second hypothesis, abiotic constraints and biotic interactions determine invasibility at different sites along abiotic gradients. In vernal pools, inundation and associated soil and nutrient properties may exclude exotic plants at greater water depths, but competition from native plants may inhibit invasions at the edges of the pools. Each of these hypotheses is supported to some degree by our results and by other studies in community ecology (e.g. Gurevitch, 1986; Hacker & Bertness, 1999; Greiner La Peyre et al., 2001) . Both abiotic factors and biotic interactions were associated with plant invasions in the vernal pools, but the relative importance of these effects probably differs along the environmental gradient found in the vernal pools. However, any definitive conclusions regarding these and other hypotheses await field and greenhouse experiments that clearly separate the independent effects of abiotic and biotic mechanisms in determining community invasibility.
